Aim To determine the role of immunoglobulin M (IgM) deposits in clinical manifestations, disease outcome, and treatment response of idiopathic and secondary focal segmental glomerulosclerosis (FSGS).
Methods Kidney biopsy specimens of 171 patients diagnosed with FSGS (primary and secondary) and 50 control patients were retrospectively included in the study. For each patient, clinical and outcome data were obtained and compared to morphological parameters, including immunofluorescence analysis of mesangial IgM and complement 3 (C3) deposits analyzed on kidney biopsy samples.
Results There were significant positive correlations between IgM and C3 deposition in secondary FSGS (P < 0.001) and between IgM and mesangial deposits detected by electron microscopy in secondary FSGS (P = 0.015), which indicated that higher IgM deposition correlated with higher C3 deposition and mesangial deposits only in secondary FSGS. Patients with secondary FSGS and the deposition of IgM showed inferior renal outcomes at earlier time points in comparison with patients with negative IgM expression (P = 0.022).
Conclusions
We detected a positive correlation between IgM and C3 in secondary FSGS. The association between IgM deposition and worse renal outcome in secondary FSGS indicates that IgM may play a role in the progression of this disease.
Focal segmental glomerulosclerosis (FSGS) is a clinicopathological syndrome that usually manifests clinically as nephrotic syndrome and morphologically as focal and segmental glomerular sclerosis under light microscopy (LM), a foot-process effacement under electron microscopy (EM), and occasional immunoglobulin M (IgM) deposits in immunofluorescent (IF) analysis (1) (2) (3) (4) (5) . Both primary (idiopathic) and secondary forms of this syndrome have been described, with five diverse morphological types that occur in both clinical forms (1, 6) . Secondary FSGS has diverse etiology including gene mutations, viruses, toxins, and structural and functional adaptation, such as hypertrophy, hyperfiltration, and loss of renal mass (7) .
In addition to FSGS, mesangial deposits of IgM can be found in various primary and secondary renal diseases, such as minimal change disease, mesangioproliferative glomerulonephritis, hypertensive nephrosclerosis, and diabetic nephropathy (8) (9) (10) (11) (12) . The presence of glomerular IgM deposits in FSGS is interpreted as passive entrapment of the large IgM molecule within sclerotic areas. However, diffuse granular IgM deposits are also present in FSGS in non-sclerotic mesangial areas. Furthermore, IgM is frequently accompanied by C3 and C4 deposits (10, 13, 14) . In comparison with sclerotic areas, mesangial staining for IgM and C3 in non-sclerotic segments is less intense (15) .
Recently, the presence of IgM in non-sclerotic areas of glomeruli has been explained by specific natural IgM binding to neoantigens exposed in injured or stressed glomeruli (16) . The recent experimental study using an animal model of glomerulosclerosis documented IgM-mediated activation of the complement system and its role in FSGS progression, a finding corroborated in human biopsies from patients with idiopathic FSGS (17) . A large retrospective study focusing exclusively on patients with primary FSGS and mostly on sclerotic lesions further highlighted the correlation between IgM and C3 glomerular deposits and unfavorable therapeutic responses and worse renal outcomes (18) .
The aim of our study was to investigate the potential correlation between IgM and C3 mesangial deposits in kidney biopsy tissue of patients with both primary and secondary FSGS. The hypothesis tested was that the presence of IgM deposits in non-sclerotic areas may predict disease progression in some patients irrespective of disease etiology.
METHODS

Patients
We (19) .
Standard therapy for patients with primary FSGS consisted of a corticosteroid with immunosuppressive agents including cyclophosphamide, cyclosporine A, and tacroli-mus and combined with renin-angiotensin-aldosterone system (RAAS) blockade. Patients admitted after 2012 received treatments according to the Kidney Disease Improving Global Outcomes (KDIGO) guidelines (20) . Standard therapy for patients with secondary FSGS was solely RAAS blockade with either angiotensin-converting enzyme inhibitors or angiotensin receptor blockers.
For evaluation of treatment response, a complete remission was defined as proteinuria <0.3 g/24 h and stable or improved serum creatinine, while partial remission was defined as proteinuria 0.3-3.5 g/24 h and stable or improved serum creatinine. Treatment failure was defined as not reaching the criteria of complete or partial remission.
In terms of clinical outcome, we evaluated renal progression of the disease that was defined as permanent increase in serum creatinine by ≥50% and/or end stage renal disease and/or need for renal replacement therapy/dialysis, transplant or death (composite renal outcome).
Renal histopathology
Renal biopsy was performed in all patients at the time of diagnosis. Renal specimens were evaluated using LM, IF, and EM. The material for LM was cut into serial sections.
Each section was alternately stained with hematoxylin and eosin, periodic acid-Schiff, Masson's trichrome, and Jones' stain. Immunofluorescence was made on a frozen sample, and serial sections for direct IF were stained with antibodies against IgG, IgA, IgM, C3, C1q, fibrinogen, albumin, and the kappa and lambda light chains (Dako, Glostrup, Denmark). The tissues for EM were processed using standard methods (fixation in McDowell's fixative followed by 2% osmium tetroxide, contrasting 3% uranyl acetate, acetone dehydration, submersion in epoxy resin, and cutting ultrathin sections on a ultramicrotome) and examined using a JEOL 1400 (Jeol, Tokyo, Japan) electron microscope.
The histological type of FSGS, total number of glomeruli, number of glomeruli with global and segmental sclerosis, presence, quantity and distribution of IgM and C3 deposits, foot process effacement, degree of interstitial fibrosis and tubular atrophy, arteriolar hyalinosis, and arterial intimal thickening were determined. The histological type of FSGS was defined according to the criteria established by a group at Columbia University (1). The degree of interstitial fibrosis and tubular atrophy was determined semiquantitatively on a section stained with Masson's trichrome and expressed as a percentage of renal cortex with interstitial fibrosis and tubular atrophy compared to the total area of cortex parenchyma. Arterial intimal thickening and arterio- lar hyalinosis were defined according to the Banff classification (21) . The degree of podocyte foot process effacement was determined using at least 10 EM photographs (magnification x8000) of randomly photographed regions of the glomeruli and expressed as a percentage of the glomerular basement membrane with podocyte foot process effacement compared to the total analyzed area of the glomerular basement membrane.
Polyclonal rabbit anti-human IgM/ fluorescein isothiocyanate (FITC) and Dako FITC-conjugated rabbit anti-human C3c complement antibodies (Dako) were used according to the manufacturer's directions. Positivity for IgM and C3 was determined semiquantitatively in snap-frozen sections. Only diffuse, global distribution of IgM and C3 in nonsclerotic areas was considered positive (Figure 1 ), and the intensity of the staining was graded as negative (0), weakly positive (+), moderately positive (++), and strongly positive (+++). Microscopic analyses were performed by two experienced nephropathologists.
Statistical analysis
The normality of the data distribution was assessed with the Kolmogorov-Smirnov test and appropriate non-parametric tests were used in additional analyses. Differences between the FSGS and control groups and between the primary and secondary FSGS groups were analyzed with a χ 2 test (categorical values) and a Mann-Whitney U test (quantitative values). Spearman correlation coefficients were used to analyze associations between IgM, C3 levels, and EM mesangial deposits in primary and secondary FSGS. Kaplan-Meier survival curves were used to study prognostic relevance, and corresponding log-rank (MantelCox) test of equality for survival distributions was used to analyze different levels of IgM and C3 in primary and secondary FSGS over time for renal outcomes and response to treatment. Binary logistic regression was performed to analyze the impact of the number of different predictors on the likelihood of disease progression or complete or partial remission. Results were expressed as odds ratios (OR) with 95% confidence intervals (95% CI). If the P value of the candidate predictor in univariate survival analysis was <0.05, the predictor was included in the multivariable regression model. All statistical analyses were two tailed, and a P value <0.05 was considered as statistically significant. The data analysis software system IBM SPSS Statistics, version 21.0 (IBM Corporation Armonk, NY, USA), was used for statistical analysis.
RESuLTS
Demographic, clinical, and histological characteristics
Of a total of 221 patients included in the study, 50 patients were in the control group and 171 in the FSGS group. Male gender was predominant in the combined (primary and secondary) FSGS patient group (Table 1) . Additionally, the patient group was significantly older and had higher systolic and diastolic blood pressure and BMI values.
A comparison between the primary and secondary FSGS groups showed that the secondary FSGS group had significantly higher values of BMI, systolic blood pressure, total serum protein, albumin, serum creatinine, and number of globally sclerotic glomeruli (Table 2) . Serum cholesterol, creatinine clearance, proteinuria, total number of glomeruli, and the number of glomeruli with segmental sclerosis were significantly higher in the primary FSGS group. C3 distribution showed more prevalent expression in the secondary FSGS, podocyte foot process effacement showed a higher rate in primary FSGS, and arteriolar hyalinosis was higher in secondary FSGS (Table 3 ). Primary FSGS group had significantly higher proteinuria levels and immunosuppressive therapy rates.
IgM deposition in primary and secondary FSGS
The FSGS group had a significantly higher prevalence of positive IgM deposition and positive C3 deposition than the control group (Table 1) . Comparison among IgM+C3+, IgM+C3-, and IgM-C3-showed a significantly more prevalent positive IgM and C3 deposits in FSGS group.
According to the correlation coefficients between IgM and C3 deposition with other clinical and histological variables in primary and secondary FSGS, there were significant positive correlations between the IgM and C3 deposition and between IgM and mesangial deposits on EM in the secondary FSGS group, indicating that IgM deposition is associated with C3 deposition and EM mesangial deposits (11.9) only in the secondary FSGS group (Table 4) . There was a weak positivity on direct immunofluorescence for IgA in 3 patients with primary FSGS and 6 patients with secondary FSGS (Table 5) . Direct immunofluorescence was also weakly positive for C1q in 3 patients with primary FSGS and 5 patients with secondary FSGS (Table 5 ). However, there was no significant correlation between IgA or C1q deposits and IgM and C3 deposition (Tables 4 and 5 ).
Treatment response
Although there was no significant difference in response to treatment between primary and secondary FSGS (complete or partial remission of the disease) when shown as a binary variable, the significantly higher prevalence of partial remission was found in secondary FSGS (P = 0.001).
Log-rank Mantel-Cox test of equality for the survival distributions of different intensity of IgM and C3 on IF for response to treatment (complete and partial remission) in the primary and secondary FSGS groups over time showed that patients in the primary FSGS group with positive C3 on IF reached response to treatment at an earlier time point than patients who had negative results for C3 on IF (P = 0.018).
To determine the risk factors for response to treatment (complete and partial remission) among patients with secondary FSGS, we used univariate and multivariate analysis. On univariate level, three significant predictors were found: urinary protein level, eGFR, and interstitial fibrosis and tubular atrophy (IFTA). In multivariate analysis, only lower concentration of urinary protein was found to be a significant predictor of disease remission (OR 0.48, 95% CI 0.24-0.99, P = 0.048). Male gender was only significant predictor of disease remission among patients with primary FSGS (OR 7.78, 95% CI 1.52-39.75, P = 0.014).
Renal outcome
There were no significant differences between the primary and secondary FSGS groups in the composite renal outcome (permanent increase in serum creatinine by ≥50% or end-stage renal disease, a need for renal replacement therapy, dialysis or transplantation, or death) and number of re-biopsies. (Table 6 ). When these predictors where analyzed in a multivariate regression model, higher levels of urinary protein increased the chance for progression of renal disease by 2.55 times, while higher eGFR lowered that chance. Female gender was the only significant predictor for progression of the renal disease among patients with primary FSGS.
DISCUSSION
Our study showed that intraglomerular IgM and C3 deposits were frequently detected in both primary and secondary FSGS without the correlation with other relevant immunofluorescence parameters. Similarly to a previous study (18) , our results imply that the detection of intraglomerular IgM and C3 deposits may serve as an additional diagnostic parameter for patients with faster progression of FSGS irrespective of the disease etiology. Our results further confirm the recent studies (17, 18) , challenging the older concept that trapped IgM is only an "innocent bystander". In our study, the patients with FSGS had a significantly higher prevalence of positive IgM and C3 deposition than the control group. It is likely that the activation of the complement system may occur secondary to IgM natural antibody binding to neoantigens exposed upon glomerular stress irrespective of the nature of injurious stimulus further contributing to injury progression (17) . IgM is generally regarded as an activator of classic complement pathway, but recent results suggest the activation of both classic and alternative pathways. Therefore, it is plausible that IgM activates classic pathway and then amplification of alternative pathway can be triggered (22) .
Zhang et al (18) were the first to report the clinical significance of IgM and C3 deposition in patients with primary FSGS, but not in those with secondary FSGS. Also, they focused mainly on IgM and C3 deposits in sclerotic areas of glomeruli. We investigated the potential correlation between IgM and C3 diffuse mesangial deposits of non-sclerotic glomerular areas in kidney biopsy tissue of patients with primary and, for the first time in human pathology, with secondary FSGS. We found that the patients with secondary FSGS and diffuse mesangial IgM deposits had an earlier development of inferior renal outcomes compared with patients without mesangial IgM deposits. There were no significant correlations between the mesangial IgM deposits and clinical outcome in patients with primary FSGS, the finding that differs from the results of the study of Zhang et al (18) . This could be explained by the small number of patients with primary FSGS in our study. In addition, a correlation between mesangial IgM and C3 deposits on IF in the secondary FSGS and between mesangial deposits detected by EM and IgM on IF were found. The previously reported study revealed that patients with primary FSGS and IgM de- position in glomeruli presented with higher level of serum IgM (18) . In our study, there was no significant correlation between IgM/C3 deposits and serum IgM/C3 levels.
There is a historical controversy about the relevance of glomerular IgM deposits in the progression of nephrotic syndrome in pediatric and adult patients (3, (23) (24) (25) (26) (27) (28) (29) . In a recent large retrospective study, a high proportion of patients with simultaneously occurring intraglomerular IgM/ C3 deposition failed to achieve remission and had refractory nephrotic syndrome (18) . Contrary to these results, our study showed that patients with primary FSGS with positive C3 on IF reached response to treatment at an earlier time point than did patients who had negative results for C3. Primary FSGS cohort in our study was smaller than one in previously mentioned study. We are not sure if contradiction of our results relies on the cohort size difference or perhaps on the localization of analyzed IgM and C3 deposits. While previously study investigated mainly deposits in sclerotic areas, we focused on diffuse mesangial deposits. That may also establish the basis for new speculations on the significance of IgM/C3 found in sclerotic vs non sclerotic areas. Given our data showing a faster progression in secondary FSGS in patients with IgM/C3 deposits, we carefully suggest that ongoing intraglomerular immune response uncovers patients prone to inferior outcomes irrespective of the nature of glomerular disease. From the clinical point of view, targeting intraglomerular immune response beyond standard means of nephroprotection by RAAS blockade is worth considering for this particular group of patients. The notion on role of C3 in non-immune renal injury is not new. The classic experimental model of hypertensive injury in transgenic animals overexpressing human RAAS provides evidence that intraglomerular findings of complement components precede onset of proteinuria (30) .
The limitations of our study are a small number of patients, especially those patients with primary FSGS, and retrospective design. Also, our study provides correlations and not a pathophysiologic proof of concept. However, we provide first human biopsy report in adult patients with secondary FSGS showing that two classical intraglomerular immunoflourescence parameters (IgM and C3) may contribute to the clarification of this very heterogeneous group of patients. Although interventions aimed at modulations of complement effector molecules are increasingly used in autoimmune renal diseases and transplantation, we believe that further analyses are necessary to draw conclusions about benefits of this kind of treatment in FSGS therapy (31) .
In conclusion, this study showed a possible role of IgM deposition in secondary FSGS, indicating that IgM may serve as a novel predictor of disease progression. In our opinion, a further survey of the presence and possible pathogenic role of IgM in glomerulonephritis should be performed. Prospective studies with a larger patient cohort and therapy information are warranted to definitely define the role of IgM in patients with faster progression of FSGS.
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